Post-traumatic stress disorder (PTSD) is a psychological illness characterized by 18 recalling a feeling of distress when re-experiencing the original trauma-related 19 cues. This associative fear response plays an important role in some psychiatric 20 disorders and elucidation of the underlying mechanisms is of great importance. 21
Introduction 33
Fear responses to environmental threats endow human beings to seek comfort 34 and to avoid danger, thus increasing the chances for survival. Dysfunction in fear 35 memory maintenance or retrieval has evolutionary disadvantages, whereas 36 hyperfunction in this capacity leads to mental illnesses, including PTSD or phobia 37 responses. Thus, it is required for human beings to maintain a dynamic balance 38 between fear-memory strengthen and suppression. For memory strengthen, a 39 number of molecules including neurotransmitters [1], transcription factors [2] , and 40 intracellular signaling molecules such as MAPK were found to be important [3] . In 41 contrast, multiple repressive molecules and signaling pathways are important in 42 fear memory suppression [4] . 43
For the assembly of neural circuits in the brain, the clustered protocadherins 44 (Pcdhs)-cell adhesion kinases (CAKs) signaling pathway might play critical roles 45 in keeping a balance between neurite connection and repulsion. In particular, two 46 cell-adhesion kinases, Pyk2 (also known as CAK or PTK2B) and Fak, function 47 downstream of the clustered Pcdh proteins to regulate cytoskeletal reorganization 48 [5] [6] [7] . Pcdhs are a large family of diverse cell-adhesion proteins that are specifically 49 expressed on the cell surface of neurons in the brain [8, 9] . Individual neurons only 50 express a particular subset of clustered Pcdh genes determined by specific long-51 distance promoter-enhancer looping interactions within a CTCF/cohesin-mediated 52 topological chromatin domain [10, 11] . Homophilic adhesion between extracellular 53 ectodomains of clustered Pcdh proteins are thought to be essential for proper 54 assembly of neuronal connectivity [12, 13] . For example, homophilic recognition 55 between the same sets of clustered Pcdh proteins may lead to repulsion, thus self-56 avoidance and even spacing, between neurites from same neurons through 57 cytoskeletal rearrangement [14, 15] . The mechanisms underlying the adhesive 58 recognition-lead repulsion is not known but may involve signaling molecules such 59 as cell-adhesion kinases. 60
Pyk2 is a non-receptor tyrosine kinase and is very abundantly expressed in the 61 hippocampus of postnatal rats, reaching maximal levels in adulthood [16] . We and 62 others recently found that Pyk2 plays important roles in dendritic and spine 63 morphogenesis [7, 17, 18 ]. Pyk2 is post-synaptic located and interacts with NMDA 64 receptors [19] or PSD95 [20] , implicating a role of Pyk2 in both LTP [21, 22] and 65 LTD [23] . Recently, Pyk2 was also identified as a susceptibility locus for Alzheimer 66 diseases and dementias based on genome-wide association studies [24, 25] . Here, 67
we found Pyk2 as a repressor of contextual fear memory based on behavior 68 studies using gene modified mice by CRISPR. 69
70

Results
71
Generation of Pyk2 mutant mice and exclusive expression of Pyk2 in the 72 hippocampus 73
To determine the physiological function of Pyk2 in vivo, we generated Pyk2 mutant 74 mice using CRISPR/Cas9 system. We designed sgRNA target sequence (gene ID: 75
19229 from 63961711 to 63961730) based on the first exon of the Pyk2 locus (Fig  76   1A ) and transcribed this sgRNA and Cas9 mRNA in vitro. After injection into 77 fertilized eggs, two lines of frame-shifted mutant mice and Pyk2 78 KO +1bp ) were identified. Germline transmission of the null allele was initially 79 screened by BslI enzyme digestion of the PCR products from the tail DNA of pups 80 (Fig 1B-1D ), and then confirmed by Sanger sequencing. 81
To validate the KO phenotype of mutant mice, we detected an immunoreactive 82 band at 116 kDa corresponding to Pyk2 in hippocampal samples from wild-type, 83
but not Pyk2-KO mice (Fig 1E) . We also found that Pyk2 proteins were 84 predominantly expressed throughout the adult hippocampus (Fig 1F) , but not in 85 embryonic 18.5 and P0 hippocampus (S1 Fig). In CA1, CA2, CA3, and DG of the 86 hippocampus, Pyk2 was mainly found in the cytoplasm and dendrite of pyramidal 87 neurons ( Fig 1H and 1H' ). In contrast, Pyk2-KO mice showed no signal (Fig 1G) . 88
89
Pyk2 suppresses contextual fear memory in a kinase-independent pathway 90
Hippocampus is an important organ for learning and memory in the central nervous 91 system. We assessed two hippocampal-dependent learning and memory behavior 92 tests, including associate fear conditioning [26] and Morris water maze [27,28] 93 using wild-type and Pyk2-KO mice. For fear conditioning, mice were put into the 94 training chamber for adaptive training on Day 1. Fear training was performed on 95
Day 2 (Fig 2A) . On Day 3, mice were put back into the training chamber to test 96 contextual fear conditioning. This was followed by placing the animals into a novel 97 chamber to test novel contextual fear conditioning or into a novel chamber and 98 exposed to the original auditory cues to test trace fear conditioning. After repeated 99 fear training using auditory cues on Day 2, we found increases in frequencies of 100 fear responses but no differences between wild-type and Pyk2-KO mice (Fig 2B) , 101
indicating that memory acquisition and fear responses were intact in Pyk2-KO mice. 102
On Day 3, fear response of Pyk2-KO mice was significantly increased as 103 compared with their wild-type littermates when the mice were put back into the 104 training context 24h after training (Fig 2C) . In contrast, both Pyk2-KO and wild-type 105 mice showed but without any phenotypic difference in freezing behavior when the 106 animals were put into a novel context only (Fig 2C) or novel context together with 107 the auditory tone (Fig 2D) , indicating that Pyk2-KO mice might be more capable of 108 contextual associative fear memory maintenance but not the auditory cued 109 memory maintenance. 110
We also performed Morris water maze tests, consisting of 2 days training, 4 111 days of acquisition, followed by 5 days of memory testing. During initial spatial 112 memory learning, we found that Pyk2-KO and wild-type mice exhibited similar 113 escape latency durations during testing from Days 1 to 4 when the platform was 114 put in quadrant IV (Fig 2E) , indicating that the mice acquired spatial memory 115 equally well between genotypes. When the hidden platform was moved to 116 quadrant II of the pool on Day 5 of testing, both wild-type and Pyk2-KO mice 117 showed a persistence of entries to the old platform ( Fig 2F) and no difference was 118 found between genotypes in escape latency times during test Days 5-9 (Fig 2G) . 119
These data indicated similar spatial memory formation and erasing between wild-120 type and Pyk2-KO mice. 121
Pyk2 is a tyrosine kinase and could transduce signalling through its catalytic 122 activity mediated by tyrosine residue at 402. To this end, we generated a Pyk2 123 kinase site mutant mice with tyrosine residue 402 changed into phenylalanine 124 
Pyk2 represses immediate early genes 137
To test potential roles of Pyk2 in hippocampal gene regulation, we compared the 138 transcriptome profiles of hippocampus between wild-type and Pyk2-KO mice using 139 high-throughput RNA sequencing. According to cutoff threshold of >2 fold changes 140 or <0.5 fold changes and FDR<0.001, a total number of 52 RNA transcripts were 141 identified: 17 downregulated and 35 upregulated in Pyk2-KO mice compared with 142 that of wild-type mice (Fig 3A-3C and S1 Table) . Among the upregulated genes, 143 we found neuronal activity regulated genes and early-response genes, including 144 Npas4, cFos, Zif268/Egr1, Arc, and Nr4a1 (Fig 3C) , which were illustrated in a 145 representative UCSC browser image ( Fig 3D) . As previous studies reported, for 146 normal fear conditioning training in mice, IEGs expression increased from 10 to 30 147 min and then followed by a significant decrease at 4 hours after training [4] . These 148 gene expression patterns might be beneficent to keep a balance between memory 149 consolidation and suppression. Interestingly, our work found that the expression 150 of these genes were significantly increased when Pyk2 was deleted (Fig 3E) , 151
indicating that Pyk2 might act as a switch in regulating IEGs expression. Whereas, 152 as expected, not any neuronal activity genes mentioned above were found to be 153 differently expressed in the hippocampus between Pyk2 Y402F mutant and its wild-154 type littermate mice (S2 Table) . That could explain why Pyk2 Y402F mutant mice 155
show no enhancement in contextual-dependent fear memory maintenance. 156
Morphological changes of hippocampal neurons in Pyk2-KO mice 157
To test whether disruption of Pyk2 affected neuronal morphology and synaptic 158 plasticity, we performed Golgi staining of the pyramidal neurons from wild-type and 159
Pyk2-KO littermate mice. As shown in Fig 4A-4D , hippocampal neurons in CA1, 160 CA2, CA3, and DG regions from Pyk2-KO mice showed higher morphological 161 complexity in dendrites than that of wild-type mice. Quantification of the 162 reconstructed confocal images revealed significant increases in total length (Fig  163   4E ), the number of branch points (bifurcations) (Fig 4F) , and segments between 164 branch points (Fig 4G) in Pyk2-KO mice. 165
To further confirm the role of Pyk2 in dendritic development, we transfected 166 GFP-encoding plasmids into hippocampal neurons during primary culture for 167 better tracing of dendrite morphology (Fig 4H and 4I) . As shown in Fig 4J, the proportion of spine with a classical head shape was significantly increased, 172 whereas the spine with branched heads was significantly decreased in Pyk2 173 mutants (Fig 4M-4O) . Interestingly, time-lapse tests also indicated that the spine 174 remodeling was more stable with less structural plasticity when Pyk2 was deleted 175 (Fig 4P and 4Q ; S1 and S2 Movie), which could explain why Pyk2 disruption 176 induces contextual fear memory maintenance, as stable spine has been known as 177 a potential structural basis for long-term memory storage [31] . Taken together, 178 these data suggested a role of the Pyk2 protein in dendrite formation and spine 179 dynamics, which was critical for fear memory. kinase site mutant and wild-type control mice (Fig 2) , 210
suggesting that Pyk2 functions in fear memory suppression in a kinase-211 independent pathway. 212
Pyk2 has a known scaffolding function independent of its kinase activity 213 through recruiting of the Grb2/SOS complex by the phosphorylated residue Y881 214 Through RNA-seq, we found that a number of CREB-regulated IEG genes, 219 encoding neuronal-activity-related transcription factors NPAS4, cFOS, 220
Zif268/ERG1, NR4A1, as well as activity-regulated cytoskeletal associated protein 221 (ARC), were significantly increased in Pyk2-KO mice at transcriptional levels. 222
Remarkably, none of these IEGs were found to be significantly increased in the 223 The IEGs have been widely implicated in hippocampal-dependent learning and 225 memory and is believed to play an integral role in synapse-specific plasticity [42] . 226
Our study indicated that neurons from Pyk2-KO mice showed more complexity 227 during dendrite arborization. In addition, the proportion of neuronal spines with 228 classic mushroom heads, markers of matured spines, was increased. Finally, the 229 proportion of branched spines was significantly decreased in Pyk2-KO mice. 230
Taken together, we suggest that Pyk2 plays an important role in regulating 231 cytoskeleton remodeling and spine dynamics. 
Materials and methods 243
Establishment of Pyk2 gene modified mice 244
Animals were maintained at 23°C in a 12-h (7:00-19:00) light and 12-h (19:00-7:00) 245 dark schedule. All experimental procedures were performed in accordance with 246
Institutional Animal Care and Use Committee guidelines of Shanghai Jiao Tong 247
University. All mice were deeply anesthetized before sacrifice. Mouse lines 248 deficient for Pyk2 protein were generated using CRISPR/Cas9 system [11, 46] . 249
Briefly, we first selected an sgRNA-target sequence at the first exon of the Pyk2 250 locus, and then a T7 promoter containing-sgRNA PCR product was amplified from 251 pLKO.1-sgRNA plasmid using oligos, TAATACGACT CACTATAGGG 252 GGCACTTTAC GCCGGCCTGA GTTTTAGAGC TAGAAATAG and 253 AAAAGCACCG ACTCGGTGCC, as forward and reverse primers, respectively. 254
The resultant product was gel-purified and used as a template for in-vitro 255 transcription using MEGA short script T7 kit (Life Technology). Cas9 mRNA was 256 transcribed in vitro from linearized pcDNA3.1-Cas9 plasmid using mMACHINE T7 257 ULTRA kit (Life Technology). Both Cas9 mRNA and sgRNAs were purified using 258 for 30 s) for 35 cycles; 72°C for 3 min; hold at 4°C. PCR products were then gel-266 purified, and digested with the Bsll enzyme. Digested DNA was separated on an 267
Ethidium bromide stained Agarose gel. For identification of mutations, purified 268 PCR products were used for TA cloning and subsequently for Sanger sequencing. 269
The method for establishing Pyk2 
Behavior tests 284
All behavioral experiments were performed blind to genotypes of mice, and 285 independent experimenters analyzed the data. For contextual and auditory fearing 286 conditioning, tests were performed as previous published [26, 28] and the protocol 287 was illustrated in Fig 2A. Briefly, mice were put into the training chamber for 12 288 minutes of adaptive training on Day 1. Fear training was performed on Day 2 as 289 the following: Mice were allowed to acclimate to the chamber for 4 min prior to six 290 cycles of consecutive training, each consisting of a 20s baseline, an auditory tone, 291 18s of trace interval, 2s of foot shock, and followed by a 40s inter-trial interval (ITI)
software. 299
For Morris water maze tests, experiments were performed using the protocol 300 previously published [28] . Briefly, mice were tested in a pool of 120 cm in diameter 301 surrounded by different visual cues. A 10 cm-diameter circular platform was used 302 as the goal platform. Room and water temperature were maintained at 22-23°C. 303
Testing includes three stages of training, acquisition, and reversal. Mice were 304 handled 5 minutes for consecutive 3 days by experimenters for adaptive training 305 followed by 2 days of training, in which testing was conducted 4 trials each day 306 and the platform was put visibly at different quadrants for each trial. In the 307 acquisition sessions, the platform was not visible and placed in a fixed location for 308
4 days. Mice were tested in four trials per day, with a 10-min interval between each 309 trial. Then the platform was put into the opposite quadrant for reversal testing for 310 another 5 days. For each trial per day, mice were placed into the pool at start 311 positions distributed in different quadrants, and the latency to the platform was 312 automatically recorded using the Clever system software (TopScan3.0). 313
314
RNA sequencing and data analyses 315
Hippocampus collected from wild-type and gene-modified mice were used for total 316 RNA extraction using TRIzol reagent according to the manufacturer's protocol (Life 317 
Golgi staining and 3D reconstruction of CA1 pyramidal neurons 329
Golgi staining experiments were performed as previously described [7] . Briefly, 330
Pyk2-KO and wild-type littermates were anesthetized and sacrificed. Brains were 331 collected as quickly as possible and put into the impregnation solution for 14 days. 332
The impregnation solution was then replaced by the Solution C for another 3 days. 333
Brain was then cut into 150 m sections using a Vibratome (Leica VT1200S). After 334 dehydration, sections were cleared in xylene before mounting using Permount 335 (Fisher Chemical™). Images were collected with Nikon confocal microscopy 336 (Nikon A1) under a 20x objective for dendritic analyses using the Neuromantic 337 software (www.reading.ac.uk/neuromantic). Each CA1 pyramidal neuron was 3D-338 reconstructed by tracing the dendritic paths of the Z-stacking pictures. The number 339 of branch points (bifurcations) and of segments between branch points were 340 analyzed automatically by the software. For spine analyses, high-resolution 341 images were collected under a 60x oil objective with a 3X digital zooming factor. 342
The reconstructed Z-stacking pictures were imported into the Image J (NIH) for 343 analyzing the spine morphology. The experimenter and analyzer were blinded to 344 genotypes during data analyses. 345
346
Immunohistochemistry 347
Brains removed from embryonic 18.5, postnatal day 0, and adult mice were fixed 348 in 4% PFA overnight at 4°C before cutting into 50 m sections with a Vibratome. 
Hippocampal neuron culture and time-lapse analyses 355
Hippocampus was collected from E18.5 embryos in Hanks' Balanced Salt Solution 356 with 0.5% glucose, 10 mM Hepes, and 100 mg/ml penicillin/streptomycin. Tissues 357 were digested with 0.25% trypsin for 15 min at 37°C. After stopping the reaction 358 with trypsin inhibitor (0.5 mg/ml) for 3 min at room temperature, tissues were gently 359 triturated in the plating medium (MEM medium, 10% FBS, 1 mM glutamine, 10 mM 360 Hepes, 50 mg/ml penicillin/streptomycin). Cell viability and density were 361 determined using 0.4% trypan blue and a hemocytometer. Cells were plated at the 362 density of 500 cells/mm 2 onto glass coverslips with a uniform application of poly-363 D-lysine and laminin (Corning BioCoat). Cells were incubated with 5% CO 2 at 37°C. 364
After 3-4h, the plating medium was replaced with a serum-free culture medium 365 (Neurobasal medium, 2% B27, 0.5 mM glutamine, 50 mg/ml penicillin/streptomycin 366 supplemented with 25 mM glutamate acid), and thereafter half of the medium (W/O 367 glutamate) was replaced every 3 days. On Day 3, 2 mM cytosine arabinoside 368 
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